With the aim of establishing whether a genetically reduced capability of producing apolipoprotein E (apo E) can affect atherogenesis, we have compared the consequences of dietary stress on normal mice and on mice heterozygous or homozygous for a disrupted apo E gene. A dramatically accelerated development of lesions occurred in the vasculature of the homozygous mutants as a result of feeding an atherogenic diet for 12 wk, and extensive deposition of lipidfilled macrophages was found outside the cardiovascular system. In nine heterozygotes fed the atherogenic diet for 12 wk, the amount of apo E in their total plasma lipoproteins increased to a level comparable to normal, but all nine developed much larger foam cell lesions in their proximal aorta than those found in 3 of 9 normal mice fed the same diet. The other six normals had no lesions. Our study demonstrates that heterozygous mice with only one functional apo E gene are more susceptible to diet-induced atherosclerosis than are normal, two-copy mice. Genetically determined quantitative limitations of apo E could, therefore, have similar effects in humans when they are stressed by an atherogenic diet. (J. Clin. Invest. 1994. 94:937-945.)
Introduction
Atherosclerosis is a common and insidious disease which accounts for most of the morbidity and mortality seen in humans with coronary heart disease and stroke. There are numerous risk factors for developing atherosclerosis (1) and the importance of the combined effects of genetic and environmental factors has been suggested by numerous studies (2) . Dissection of the relative contribution of the various genetic and environmental factors is however needed for a more complete understanding of the disease and for developing more effective therapies. Due to the limitations and difficulties of conducting such studies in humans, a variety of animal models have been used, such as rabbits, pigs, dogs, pigeons, and primates. Mice have been the most used for genetic studies because of the availability of numerous well characterized inbred strains and the relative ease of mapping relevant genes in mice. Their value has been further increased by advances in molecular biological technologies which now allow the mouse germline to be manipulated. Mice either overexpressing or carrying genetically inactivated genes have been produced in the past few years (for reviews see references [3] [4] [5] [6] [7] . Such mice should be important for elucidating the interaction between discrete genetic components and controlled environmental factors in the process of atherogenesis.
Mice are naturally resistant to atherosclerosis, and diets containing high fat and high cholesterol have been required to produce atherosclerotic lesions in normal inbred strains of mice. We and others have found, however, that apolipoprotein (apo) E-deficient mice generated by gene targeting (8, 9) have spontaneously elevated plasma cholesterol levels, even when fed regular chow and develop severe atherosclerotic lesions very similar to those present in humans. In contrast, mice heterozygous for the mutant gene did not show abnormalities in lipid metabolism when fed regular chow, and no arterial lesions were detected in them (10) .
It has been well established, in human (11) and animal (12) (13) (14) (15) (16) studies, that diets high in cholesterol and saturated fatty acids can significantly elevate plasma cholesterol levels and increase the risk of atherosclerosis. The hypercholesterolemia and changes in lipoproteins induced by diet are associated with the high incidence of coronary artery disease seen in the U.S. population. apo E is one of the protein components of all lipoproteins except low density lipoprotein (LDL) in humans. It serves as a ligand for the clearance of lipids from the plasma via receptor-mediated pathways in the liver. The exact role of apo E in diet-induced susceptibility to atherosclerosis is, however, still debatable. In some studies, different apo E genotypes have been associated with differences of plasma lipid levels in response to diet (17) (18) (19) (20) , although in other studies no significant variation of plasma cholesterol levels in response to diet has been detected among individuals with different apo E alleles (21) (22) . To further understand the importance of apo E in diet-induced atherosclerosis, we have here evaluated the responses of normal mice and of mice either homozygous or heterozygous for the genetically inactivated apo E gene to a diet high in cholesterol and saturated fat. Our study demonstrates that the null mutation of the apo E gene, even in the presence of a normal allele, renders mice fed the atherogenic diet more susceptible to the development of atherosclerotic lesions than normal mice.
Methods
Animals and experimental design. Normal, heterozygous, and homozygous apo E mutant mice (8) were produced in house and used for the high-fat diet feeding studies. These mice have a mixed genetic background derived from the two inbred strains: C57BL/6 and 129. All the mice were maintained in a room illuminated from 7 AM to 7 PM. Two groups of studies were performed. The first experimental group contained mice 16-20 wk old: 7 normal mice (6 males, 1 female), 6 heterozygotes (5 males, 1 female), and 10 mutant homozygotes (6 males, 4 females). In the second experimental group, mice 8 wk old were chosen: 4 normal mice (3 males, 1 female), 10 heterozygotes (7 males, 3 females), and 9 homozygotes (6 males, 3 females). Regular mouse chow (#5012), which is low in fat and contains 4.5% (wt/wt) fat, 0.022% (wt/wt) cholesterol, was purchased from Ralston Purina (St. Louis, MO); in the following we refer to this chow as "regular chow." A mouse high-fat, high-cholesterol diet (TD 88051) containing 15.8% (wt/wt) fat, 1.25% (wt/wt) cholesterol, 0.5% (wt/wt) sodium cholate, was obtained from Teklad Premier (Madison, WI); in the following we refer to this diet "atherogenic diet." Food and water were provided with free access. Weight gain and plasma lipid levels were monitored monthly. Five homozygotes from the first experiment and three homozygotes from the second experiment were sacrificed for morphologic studies after 6 wk of feeding the atherogenic diet; the remaining mice were killed after 12 wk of feeding. An equal number of mice were fed regular chow for use as controls.
Collection ofblood and plasma lipid assays. Blood from mice fasted for 16 h was collected by retroorbital bleeding into a tube containing EDTA, aprotinin and gentamicin as previously described (8) . Plasma was harvested by centrifugation of the whole blood for 10 min at 12,000 g at 40C.
Plasma lipid levels were assayed within 2 d of blood collection. Total plasma cholesterol and triglyceride for each individual sample were measured using a colorimetric method with commercially available kits (Sigma Chemical Co., St. Louis, MO). For measuring cholesterol levels of homozygotes, plasma samples were diluted 10 times in order to fit into the linear range of the test reading. High density lipoprotein (HDL) cholesterol was determined after precipitating the apolipoprotein B (apo B)-containing particles with magnesium/dextran sulfate (23) .
Agarose gel electrophoresis. 1 A1l of pooled plasma from each group of mice was loaded with a Hamilton syringe onto a pre-made agarose gel film (Ciba Corning Diagnostics Corp., Palo Alto, CA). The gel was run at 9 V/cm, in Universal buffer (Ciba Corning Diagnostic Corp.) for 40 min, then dried at 55°C for 15 min, and stained with Oil Fat 7B (Ciba Corning Diagnostic Corp.).
Fast performance liquid chromatography. Fractionation of serum lipoproteins by superose-6 gel permeation chromatography was performed with a robotics FPLC system as previously described (24) . Briefly, the column matrix was equilibrated at 0.5 ml/min with running buffer (50 mM Tris, pH 7.4, 0.15 M NaCl, and 0.01% sodium azide). 60 sl of mouse serum was diluted with 160 Al FPLC running buffer, then 200 ,l was injected followed by fractionation into forty 0.5 ml fractions. 80 sl of each fraction was assayed for cholesterol content using a colorimetric enzyme assay (Fast Cholesterol; Sclavo, Wayne, NJ).
Plasma apolipoprotein analysis. Total plasma lipoproteins were purified from pooled plasma by density (d < 1.21 g/ml) ultracentrifugation (25 (8) . The abdominal and thoracic cavities were opened and the heart and vascular tree were perfused with phosphate buffered-paraformaldehyde (4%, pH 7.4) under physiological pressure. Segments of the proximal aorta and the portion of the heart containing the aortic sinus were embedded, sectioned and stained as previously described (10) . Other tissue samples for light and electron microscopic studies were also prepared as previously described (10) .
Four sections were used for morphometric evaluations. The first section measured was that in which the most proximal part of the ascending aorta had a round cross section. The 
Results
Responses of plasma lipid levels to the atherogenic diet. All animals survived the 12 wk of diet feeding, except for homozygotes deliberately sacrificed after 6 wk of feeding. At the end of this period, the average gain in body weight was around 5 g for each animal and did not differ between sex or genotypes of the mice. The plasma cholesterol levels in all animals reached a plateau 2 wk after initiation of the diet feeding and remained elevated throughout the 12 wk feeding period (Fig. 1) . Although the plasma cholesterol levels in heterozygotes and normal mice are the same (P > 0.05) when they are on regular chow, the cholesterol levels in the heterozygous mice on the atherogenic diet were higher than those of normal mice throughout the whole period of feeding. As shown in Table 1 , the atherogenic diet changed the plasma total cholesterol levels of normal mice 2.5-fold, from 94 mg/dl to 238 mg/dl (P < 0.001). In heterozygous mice, the change was greater, 3.5-fold, from 97 mg/dl to 326 mg/dl (P < 0.001). The difference of cholesterol levels (238 mg/dl versus 326 mg/dl) between normal and heterozygous mice after feeding the atherogenic diet was also significant (P < 0.05). The cholesterol levels of homozygous mutants showed a 4.6-fold change after feeding the atherogenic diet, from 588 mg/dl to 2712 mg/dl (P < 0.001). Besides plasma of these homozygous mutants after high-fat diet, the level of HDL cholesterol could not be determined reliably using the MgCl2-dextran sulfate precipitation assays. Agarose gel electrophoresis ( Fig. 2) shows an increase in lipid-staining lipoproteins in all the animals in response to the atherogenic diet, largely as the result of an increased level of ,/-and pre-/-migrating particles. The intensity of lipid staining of a-migrating particles indicates that the amounts of these particles in the normal and heterozygous mice were not changed significantly after feeding the atherogenic diet, but their nature appears to be altered; thus the a-migrating particles in animals fed the atherogenic diet migrated faster and more diffusely than those in mice fed regular chow. In contrast, the amount of amigrating particles in homozygotes was reduced so profoundly that they could not be detected in agarose gels (Fig. 2 ).
These data show that an increased amount of /-to pre-/- Fraction number (Fig. 3) . When mice were fed regular chow, HDL (peaking at around fraction number 28) was the major lipid-containing particle in both normal and heterozygous mice. After 2 wk of feeding the atherogenic diet, the lipid profiles of both normal mice and heterozygotes showed no change in HDL particles, but there was a significant increase in the particles in fractions 13 to 23, which normally include very low density lipoproteins (VLDL) and low density lipoproteins (LDL). There are severalfold more LDL particles in the heterozygotes fed the atherogenic diet than in normal mice on the same diet, as judged by the areas under the curve in the region (fractions 17 to 23) corresponding to the LDL fraction; this difference is sufficient Diet-induced Atherosclerosis in apo E-deficient Mice ILI pooled plasma) isolated by density ultracentrifugation (d > 1.21 g/ ml) were subjected to 4-20% gradient SDS-polyacrylamide gel electrophoresis. Lanes 1-3 are from mice on regular chow, lanes 4-6 are from mice on atherogenic diet.
to account for the higher cholesterol levels in the heterozygous animals. In homozygotes, 12 wk of the atherogenic diet resulted in extreme changes in the levels of particles in the VLDL-LDL size range, changing from 5 times normal on the regular chow to 12 times normal on the atherogenic diet. The HDL cholesterol level of homozygous mutants on high-fat diet was reduced to one sixth of that of the similar mice on regular diet as measured by separating HDL particles from lipoproteins in the 1.019-1.346 g/ml density range using Superose 6 column.
These various FPLC changes in lipid profiles of animals fed the diet are in agreement with the changes shown by agarose gel electrophoresis. The FPLC analysis offers the additional information that the greatest difference between the normal mice and heterozygotes in response to the atherogenic diet is that the LDL fraction of the heterozygotes increases several fold more than it does in normal animals.
Plasma apolipoprotein analyses. To further understand the changes of each apolipoprotein in response to the atherogenic diet, total plasma lipoproteins isolated by ultracentrifugation were subjected to SDS-PAGE (Fig. 4) When we plotted the lesion sizes of individual animals on a linear scale, we observed a highly asymmetric distribution of sizes; consequently their arithmetic mean greatly over represents the largest lesions. When the data are plotted on logarithmic scale as shown on Fig. 5 , the distribution of lesion sizes appears much more symmetric; consequently the logarithmic mean of each group gives each animal a more nearly equal weight. The logarithmic mean size of the plaques (Fig. 5 ) in heterozygotes (6,010 jAm2) is 10 times larger than the logarithmic mean of the plaque size in normal mice (630 ,Am2). The logarithmic mean in homozygotes fed the atherogenic diet (5.2 x 105 ,tm2) was 20 times larger than that in homozygotes fed the regular chow (2.5 X 104 Ikm2).
We also studied the effect of different lengths of time of diet feeding on the development of the aortic lesions in homozygous mutants, as determined by percentage occlusion of the proximal aorta at the aortic sinus level. Lesions from homozygotes fed the atherogenic diet for 6 and 12 wk were compared. The occlusion from animals fed the atherogenic diet for 12 wk (34.7±7.9%) was twice that of those fed for 6 wk (15±3.9%). But, even the 6 wk of feeding the atherogenic diet generated lesions that were 10 times larger than those seen in age-matched homozygotes fed regular chow (1.3±0.5%).
These morphometric observations clearly demonstrate that 940 Zhang, Reddick, Burkey, and Maeda heterozygous apo E mutants are much more susceptible to dietinduced atherosclerosis than normal mice as judged by the occurrence and sizes of the lesions, and that the atherogenic diet dramatically accelerates the development of atherosclerotic lesions and their time course in homozygous apo E mutant mice as judged by the degree of arterial occlusion.
Lack of correlation between lesion size and plasma cholesterol levels. The large standard deviations in the data presented in Table I and in Fig. 5 emphasize that there are considerable individual differences in plasma cholesterol levels and in the sizes of the atherosclerotic lesions developing in mice, particularly in heterozygotes, after 12 wk of the atherogenic diet. The average lesion size ranged 65-fold (from 780 ,Lm2 to 51,000 tsm2) in the heterozygotes and fourfold (from 192,000 to 825,000 ILm2) in the homozygotes. There are obvious correlations between mean cholesterol levels, mean lesion sizes and apo E genotypes of mice fed either the regular chow or the atherogenic diet (Fig. 5) . However, when individual animals within each group are examined, we could find no significant correlations between lesion sizes and plasma cholesterol levels, as judged by the Kendall's rank-correlation r test (heterozygotes: r = 0.39, P = 0.1; homozygotes: r = -0.5, P = 0.1).
Histologic evaluation of arterial lesions. Histologically, all the diet-induced lesions in normal and most of the lesions in the heterozygous mutant mice were early fatty streaks, ranging from superficial clusters of foam cells to layers of foam cells within the intima (Fig. 6 a) . However, fibrous cap formation was seen in one heterozygote, which also had the largest lesion size. In mice homozygous for apo E deficiency, the exacerbated progression of atherosclerotic lesions shows not only as a larger size with substantial arterial occlusion (Fig. 6 b) , but also as an increase in complexity (Fig. 6, c and d ) and a more extensive distribution along the arterial tree. For example, the lesions from 5-mo-old homozygotes fed regular chow consisted mainly of fatty streaks with few smooth muscle cells (data not shown), and the lesions were mainly confined to the proximal aorta and the aortic arch. However, after the atherogenic diet, the arterial lesions from an age-matched homozygote (Fig. 6 c) consisted of multilayered foam cells admixed with smooth muscle cells, with calcification and inflammatory cells. Partial to complete occlusions of coronary arteries were commonly seen (Fig. 6  d) , as well as partial to complete occlusions of pulmonary arteries, carotids, and iliac arteries.
These data document the development of fulminate atherosclerosis in the mice lacking apo E and clearly demonstrate that the mice are highly susceptible to the atherogenic diet. The dietinduced changes in area and complexity of the lesions in the heterozygous mutants shows that even partial apo E deficiency causes an increased susceptibility to the atherogenic diet.
Macroscopic and microscopic evaluations of other tissues in diet-fed animals. Macroscopic and microscopic examinations were made on tissues from nine normal mice, nine heterozygotes, and eight homozygotes fed the atherogenic diet for 12 wk and from four homozygous mutant mice fed the atherogenic diet for 6 wk.
Macroscopically, all mice were seen to have developed fatty livers and gall bladder stones. In the homozygotes, white, cheese-like lipid depositions were also visible to the naked eye on external surfaces of the kidneys, stomach, and the small and large intestines.
Microscopic evaluations of the normal mice and heterozygous mutants after 12 wk on the atherogenic diet revealed no additional abnormalities, other than accumulation of lipid in hepatocytes and minor depositions of cutaneous lipid-filled macrophages (Feingold, K. R., S. H. Zhang, and N. Maeda, unpublished data). Histologic examination of the cheese-like depositions on the surfaces of various organs from the homozygotes showed that these lesions are composed of lipid-filled macrophages with admixed cholesterol clefts. Fig. 6 e shows an example of the histology of the lipid depositions on the external surface of the large intestine; the submucosa was not affected. But interestingly, lipid deposits were seen in the submucous space of the esophagus (Fig. 6f) . The nature of the fatty liver observed in homozygotes after feeding the atherogenic diet was revealed by transmission electron micrography. Numerous lipid droplets are present in hepatocytes, as well as in macrophages between the hepatocytes and within the sinusoids (Fig. 7 a) . In the lungs of the diet-fed homozygous mutants, lipid-filled macrophages were seen in the interstitial spaces and in the vascular spaces (Fig. 7 b) .
These data show that, after feeding the atherogenic diet, massive amounts of lipid-loaded macrophages, are deposited outside the cardiovascular system in the apo E-deficient mice, in addition to their intravascular deposition.
Discussion
The data we have presented here show that in response to an atherogenic diet (consisting of 15.8% fat, 1.25% cholesterol, and 0.5% cholate) plasma cholesterol levels increased -2.5-fold in normal mice, 3.5-fold in heterozygous mutants, and 5-fold in homozygous apo E-deficient mice. Very large amounts of apo B-48-containing, /3-migrating particles were present in the plasma of animals of all three genotypes after feeding the Diet-induced Atherosclerosis in apo E-deficient Mice Higher magnification of a lesion in the aortic sinus from a 24-wk-old male homozygote, fed the diet for 6 wk. Coronary arteries included in the section were completely occluded by the plaque (arrows). Thinning and disruption of the elastic lamina in the vessel wall and reactive inflammatory cell accumulation around the lesion are also seen. Cryosection, Sudan IV stain, Hematoxylin counter stain (x437). (e) Section from a 20-wk-old female homozygote fed the diet for 12 wk to illustrate lipid deposits on the outer surface of the large intestine. Cryosection, H x E stain ( x437). (f ) Section of the esophagus from a 20-wkold female homozygous mouse fed the diet for 12 wk. E, squamous epithelium; SM, submucosa. Cryosection, H x E stain (x437).
diet. FPLC chromatography indicated that the majority of these particles are in the VLDL range. A notable difference between normal and heterozygous mutant mice after feeding the atherogenic diet was a several fold accumulation of particles in the LDL range in the heterozygotes. Much larger atherosclerotic lesions were induced by the atherogenic diet in the heterozygotes than in normal mice. In the homozygous mutants, the development of atherosclerotic lesions was markedly acceler- 942 Zhang, Reddick, Burkey, and Maeda ated by the diet, as shown by its time course, and by the increases in size and in complexity. Thus, the mean lesion size in 5-7-mo-old homozygous mutant mice fed the atherogenic diet for 12 wk is ' 30-fold more on an arithmetic scale than in age-matched mutants maintained on regular chow, and 10-fold more on a logarithmic scale. Cholesterol clefts and calcification, which become common features in mutants older than 10 mo when fed regular chow ( 10), are present in 5-7-mo-old mice that have been fed the atherogenic diet.
Results similar to ours with the mutant homozygotes have been reported by Plump and co-workers (9, 26) , who fed homozygotes a Western-type diet (21% fat, 0.15% cholesterol). They showed that, after 2.5 wk of diet feeding, plasma cholesterol in the homozygotes increased to about four times the value seen in animals fed regular chow. Aortic lesion size after 4.5 wk of diet feeding increased to about three times that of mice fed regular chow. The effects of diet on the induction of atherosclerosis in normal and heterozygous apo E mutant mice was not reported in their study. However, both studies clearly demonstrate that plasma cholesterol levels and the sizes of atherosclerotic lesions in apo E-deficient mice are markedly increased by the atherogenic diets. The detailed nature of the atherosclerotic lesions in the two studies are, unfortunately, not comparable since the duration of diet feeding, the lipid contents of the diet, and the ages of the mice were different in the two studies.
The dramatic acceleration in the development of atherosclerosis in homozygous apo E mutants that we report here is not surprising, considering that they are hypercholesterolemic and develop atherosclerotic lesions (8-10) even when they are fed regular chow (4.5% fat and 0.022% cholesterol). Since apo E functions as a ligand for receptors that mediate the clearance of the remnant particles of chylomicrons and VLDL, we expected to be able to correlate the atherogenic effects of the atherogenic diet with the lack of this clearance function. This correlation can be seen by examining our data from agarose gel electrophoresis, from FPLC analysis of plasma lipoprotein profiles, and from SDS-PAGE of plasma total lipoproteins. Combining the information from all three methods, we conclude that a huge amount of lipid carrying particles accumulates in these animals; these particles are cholesterol rich, which indicates that they are the remnants of chylomicrons and VLDL. The greatly increased amount of the particles is the most likely cause of the acceleration of atherosclerosis that we observe in these animals lacking apo E. However, the very large VLDL and chylomicron remnants which exist in the high fat fed apo E mutant mice in substantial amount, are probably less atherogenic than smaller lipoproteins because they do not enter the artery wall as effectively. This may be one of the contributing factors for the observed poor correlation in individual animals between the degree of lipid elevation and the severity of lesions in our study. Similar hypothesis was used to explain why diabetic rabbits, even at an equal total cholesterol level, get less atherosclerosis than non-diabetic rabbits on the same atherogenic diet (27) ; it is because that the non-diabetic rabbits have a lot more of their cholesterol in large VLDL or chylomicron remnants. Our biochemical studies also show that the a-migrating particles, which are mostly HDL, are diminished to an almost undetectable level in response to the atherogenic diet, although the total plasma apo A-I content does not change. This suggests that apo A-I, which is a normal component of chylomicrons and VLDL particles, cannot leave the remnant particles in the absence of apo E and thus limits the HDL production. Therefore, in the apo E deficient mice, since the main apo A-I-containing lipoproteins are with the sizes of VLDL-IDL, but not HDL, the apo A-I level is not parallel to the level of HDL any more. Similarly, we find that Apo A-IV, the majority of which is usually free in the plasma, also accumulates on the remnants of VLDL and chylomicrons. Both these events can contribute to the almost undetectable levels of HDL cholesterol that we observed. These very low levels of In contrast, all of the 9 heterozygotes fed the atherogenic diet developed atherosclerotic lesions with a logarithmic mean lesion size of 6,010 tim2, which is 10 times more than that measured in the normal animals. The lesions in the heterozygous animals fed the atherogenic diet obtain a size and completely equivalent to the lesions of homozygous mutants of the same age fed regular chow. The more frequent occurrence and the larger size of the atherosclerotic lesions in the heterozygotes compared to normal mice show that mice carrying only one normal apo E gene are much more susceptible to diet-induced atherosclerosis than are their normal littermates, although neither develop lesions when fed regular chow.
Our results emphasize the importance of using heterozygous mutants when studying the effects of environmental factors on atherogenesis, and when searching for their significance for human populations. Homozygous mice completely lacking apo E have many valuable uses, including the study of the progression of atherosclerotic lesions and the effects of drugs on this progress. However, the number of humans carrying the equivalent genetic defect is so small (30) (31) (32) that the responses to environmental factors of the apo E null mutants may not have direct relevance to the general human population. On the other hand, mice heterozygous for the disrupted apo E gene have essentially normal lipid biochemical parameters and are free from atherosclerotic lesions when they are on regular chow. Yet, upon dietary stress, delayed clearance of apo E containing particles was observed in the heterozygous mutants, accompanied by other lipid abnormalities and an increased susceptibility to atherosclerosis. The heterozygous mice should, therefore, be more valuable than the homozygotes for studying the relationships between dietary manipulation and coronary heart disease prevention. A quantitative genetic predisposition to diet-induced susceptibility similar to that revealed by our present work has been seen in heterozygous Watanabe heritable hyperlipidemic rabbits (33) . It is reasonable to expect, therefore, that genetically determined quantitative limitations of apo E will have similar effects in humans when they are stressed by an atherogenic diet, even though the same individuals may be asymptomatic on a high-fat, high-cholesterol diet. Relationships between apo E isoforms and plasma cholesterol levels or atherosclerosis has been emphasized in recent years. For example, in studies of the prevalence of different apo E isoforms in patients with myocardial infarction, the apo E4 allele was shown to be most prevalent, and the onset of coronary artery disease is earlier in individuals with the apo E4 allele than with other isoforms (34) . It is of interest to note that Boerwinkle and Utermann have reported (35) that the apo E polymorphism in humans is one of the contributing factors in determining plasma levels of apo B and apo E; for example, the apo B and apo E levels in apo E4/E4 homozygotes are the highest and the lowest respectively of those found in any of the isoforms.
Our observation that the logarithmic values of the lesion sizes of animals with the same genotype are more symmetrically distributed than the arithmetic values is of interest. We have shown previously (10) that the increase of lesion size with age is logarithmic in apo E-deficient mice fed regular chow. This suggests that the large variation in lesion size among animals, especially among the heterozygotes, is the result of differences in the times of initiation of the lesion, followed by a subsequent logarithmic growth in their size. Factors that determine this difference, either genetic or environmental, warrant further investigation.
In conclusion, we have investigated the interaction between a known genetic defect and a defined environmental stress in both homozygous and heterozygous apo E-deficient mice. Het- 944 Zhang, Reddick, Burkey, and Maeda erozygous mice, with one normal and one genetically inactivated apo E allele, can compensate for the loss of one allele without developing atherosclerosis when fed a regular chow. But the heterozygotes are much more sensitive to high-fat dietinduced atherosclerosis than are normal mice. Homozygous mice, completely lacking apo E, are extremely sensitive to the atherogenic diet as shown by the extreme elevations of their plasma cholesterol levels and by the accelerated time course and the severity of their atherosclerosis. Thus both heterozygous and homozygous apo E mutants are in different ways very valuable models for studying atherosclerosis.
